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INTRODUCTION 
In the swift advancement of agricultural production, 
chemical pesticides have played a major role since the 
introduction of DDT, MCPA and 2,4-D in the 1940s. The use 
of herbicides has greatly reduced labor requirements for 
weed control and has contributed to improve crop quality and 
yields. Today, chemical use is recognized throughout the 
world as an effective, relatively simple and quick method of 
controlling weeds, insects and fungi. Furthermore, it is 
impossible to adopt conservation tillage throughout the 
nation on all {ield crops without good weed control 
techniques. However, the widespread use of chemicals could 
potentially result in some serious environmental and health 
problems. 
The proper application of pesticides, the safety of 
people involved in applying them, and the reduction of 
environmental problems have long been objectives pf 
researchers and design engineers in the field of spraying 
machinery. Many new types of sprayers have been designed 
and developed for carrying out the above objectives. An 
injection metering system, brought from Eho Kone Oy 
Manufacture in Finland and assembled by Walsh Manufacturing 
Company in U.S.A., was one type of this equipment. This 
injection metering sprayer has many apparent advantages in 
2 
contrast to the conventional tank mixing sprayer, in spite 
of its higher cost: 1) Accurate and convenient control of 
chemical application rate, 2) No leftover tank mixture, and 
3) No premixing. 
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OBJECTIVES 
The objective of the research presented here is to 
evaluate the performance of injection metering of chemical 
concentrates. Specific objectives were to investigate 
1. The uniformity of chemical concentration among 
nozzles with both one and two metering pumps. 
2. The uniformity of chemical concentration among 
sampling time with both one and two metering 
pumps. 
3. The metering pump characteristics. 
4. Fie1d performance in chemical applying and weed 
control. 
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LITERATURE REVIEW 
History of Application Technique and Equipment 
History of syringes and pumps 
The development of pest control is classified by Hough 
and Freeman (1951) into three periods, the first from 
earliest to 1867, the second 1867 to 1939, and the last 1939 
onward. The first period includes the odoriferous, odious, 
irritating materials such as dung, ashes, and urine. In 
this period, paints were applied by means of brushes, or the 
plants were actually washed with a rag or sponge. Whisks or 
brooms of heath, straw or some similar materials were used 
for applying liquid materials. In France, an improved brush 
was used to apply Bordeaux mixture which is copper sulfate 
dissolved in water and is first prompted its use in vines. 
The liquid entered the hollow handle through a tube 
connected with the bottom of the tank . The flat broom was 
attached to a broad piece of oil cloth which assisted in 
making a uniform appli~tion. The watering-can is the first 
mechanical device which is used advantageously only on very 
low growing plants. Small hand pumps, commonly called 
simple syringes, were used at this time which consisted of 
nothing but a tube. More complicated forms of syringes 
include those which are supplied with two valves, one for 
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intake of liquid and the other for discharge. To apply 
larger amount of liquid, garden engines were developed and 
arranged so that a considerable amount of liquid could be 
transported from one part of the grounds to another. Figure 
1 shows one of the early machines used in the U.S.A. 
The second period relates to the discovery and 
refinement of Bordeaux mixture as well as other copper 
formulations, as well as to the first siqnificant 
developments in application machines. In the late 1800s, a 
sprinkler, which is the first application of the principle 
of a knapsack sprayer to combat pests of cultivated plants , 
was used to spray two rows of potatoes at once. In the 
early 1900s, small hand-held spray atomizers were used, as 
well as traction sprayer. Another application device, the 
compressed air sprayer, was used with air pressure 
furnishing the power for the spray liquid. 
Atomization and nozzle development 
In the pre-1867 period, not much attention was paid to 
nozzles, since the materials applied were in the form of 
clear liquids or in small quantities. However, with the use 
of pumps during the 1867-1939 period, and wi th more dense 
fluids, there arose the demand f or proper devi c e s by means 
of which the liquid discharged could be broken up more or 
less finely . The simple tube or orifice which would throw a 
6 
FIGURE 1. An early form of garden engine (Akessen and Yates 
1979) 
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solid stream was the simplest, and probably the first form 
of nozzle. Lodeman (1899) describes three principles used 
in spray nozzles to break up the liquid stream: 1) Openings 
which change the shape of the emitted liquid stream. The 
fan shaped spray nozzle which is widely used for uniform 
application, is included in this type. 2) Obstructions 
which affect free and direct outward passage. In industrial 
applications, this type nozzle, mirror or deflector nozzle 
is widely used. 3) A strong rotary motion given to the 
liquid and the stream leaving the outlet orifice immediately 
assumes the form of a spray. This type is the most widely 
used nozzle for insect control. 
Constant Application of Pesticides 
In the design of spray equipment, Barger et al. (1948) 
state that one of the important aims should be a controlled 
rate of application of material. Excessive rates result in 
increased costs and in potential environmental or crop 
damage . Inadequate rates may fail to control pests, which 
results in reduced yields. The estimated one billion dollar 
loss due to improper application of chemical, as reported by 
Rider et al. (1980), clearly indicates the need for more 
accurate and precise control of spray flow rates and 
uniformity of application. Considerable research has been 
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reported on methods of obtaining a constant pesticide 
application rate. 
Alexander et al. (1964) modified a conventional sprayer 
by using an adjustable-orifice type of bypass valve instead 
of the spring-loaded relief valve. It was suggested that a 
good adjustable-orifice angle, gate or globe type valve be 
used for the bypass regulation of the application and that 
calibration be accomplished at the midrange of the 
anticipitated tractor operating speeds. The pump should be 
driven by the power take off (PTO) of the tractor or a 
ground-driven wheel. A pressure relief valve was used in 
the circuitry for the purpose of protecting the system from 
abnormally high pressures. Results reported by graphs 
showed very little difference in application rate for an 
operating speed range from 4.8 to 7.2 km/h. 
The system reported by Albritton (1968) consisted of a 
ground-wheel driven positive-displacement hydraulic pump, 
two hydraulic cylinders, and two flow control valves added 
to a conventional field sprayer. A hydraulic circuit was 
developed to control the pressure according to the operating 
speed. At low operating speeds more water-pesticide 
mixtures flows to the sprayer tank with a corresponding 
reduced amount flowing to the nozzles. Less flow diverts 
back to the sprayer tank and a corresponding greater amount 
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flows to the nozzles at high operating speed. Results show 
nozzle pressure variation from 170 kpa at 2.9 km/h to 1590 
kpa at 10 km/h operating speed. Application error was 
increased with speed, to a maximum of 10.1 percent at 10 
km/h. 
Gebhardt (1974) developed and tested an automatic 
control system in which flow was regulated by controlling 
the inlet pressure of two flat fan nozzles according to the 
ground speed. The system was linearized by assuming the 
flow was proportional to inlet pressure in the range from 
138 to 414 Kpa. The system was limited to a ratio of 
maximum tractor opera.ting speed to minimum of 2: 1. 
Development of Injection Type Sprayer 
Several researchers have developed metering system for 
their specific objectives. 
Hare et al. (1969) designed and constructed an 
experimental pesticide-metering unit to investigate the 
characteristics of microscopic solid materials. The unit 
was operated to satisfactorily apply pesticide dusts ranging 
from 0.15 to 9.00 kg/ha. Dust delivery was dependent upon 
driven speed, density, and physical characteristics of the 
dust. 
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Harrell et al. (1973) modified the metering unit which 
Hare et al. designed to produce a satisfactory sprayable 
solution. Both laboratory and field tests showed that the 
metering system equipped with a centrifugal pump for the 
diluent could be used instead of a conventional tank mixing 
sprayer, and also the centrifugal pump resulted in a more 
uniform mixture than either the roller or piston pump. 
Nelson and Roth (1970) used a venturi system for 
continuous metering, wetting and induction of herbicides 
formulated as wettable powder into a sprayer boom supply 
line. Results showed that the degree of dispersion produced 
by an induction system relative to that which can be 
produced by a conventional tank mixing sprayer is dependent 
on the properties of wettable powder used. 
Vidrine et al. (1975) constructed a model sprayer that 
used a positive displacement pump to inject pesticides into 
a water line. They used a metering pump to achieve a 
constant pesticide application rate independent of tractor 
operating speed at constant pressure. The system consisted 
of a positive displacement pump for the pesticide circuit 
and a hydropneumatic system for the diluent, with each 
having an individual reservoir. Two independent tests were 
conducted to evaluate pesticide deposition uniformity and to 
investigate transient errors in pesticide application rate 
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due to changes in operating speeds. Results showed that 
uniformity of deposition for a miscible chemical was 
inferior to application by conventional tank mixing method. 
From the response study, two equations to predict the 90 % 
response time which is required to achieve 90 % of steady-
state concentration, were determined for both step and ramp 
input. 
Peck and Roth (1975) built a sprayer that used either a 
grounddriven, powder metering unit or a peristaltic pump to 
introduce pesticides through a mixing chamber into a boom 
supply line. 
The spray mixture was delivered from the chamber with a jet 
pump into a manifold distribution system. The analytical 
model showed that the mixing volume and jet pump suction 
rate rather than the pesticide metering rate influenced the 
lag time which is required to reach 95 % of the equilibrium 
rate when the operating speed was changed. They compared 
the modeled system to an actual system and results showed a 
similar relationship to time. 
Reichard and Ladd (1983) built and tested an 
experimental field sprayer with pesticide injection and 
transfer system. They begun by modifying the existing 
conventional sprayer. They used a Hydracone metering pump 
with a chain drive from one of the wheels to inject 
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pesticides from the pesticide tank. They also constructed a 
portable closed system for the transfer of chemicals from 
their shipping containers to the pesticide tank on the 
sprayer. They were concerned about a non-uniform 
concentration of pesticide at the nozzle and made 
measurements to determine whether a pulsation dampener would 
reduce the variation in solution concentration at a nozzle. 
They concluded that a pulsation dampener was not needed 
because turbulence in the lines is sufficient to produce 
mixtures with little concentration variation. In a field 
test, they compared injection system with the conventional 
tank-mixing system for control of an insect pest of 
potatoes. Their results showed that there were no 
significant differences (5 percent level) between numbers of 
insects in insecticide treated plots with either system of 
application, but the control plots had significantly more 
insects than the treated plots. 
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EXPERIMENTAL PROCEDURE 
Experiments were conducted on two sets of spraying 
equipment. Details of procedures followed and the results 
obtained with each set of equipment are presented in the 
chapters entitled First Equipment and Second Equipment. As 
the experiments with the first set of equipment progressed, 
it became apparent that performance and life of the first 
metering pumps were not entirely satisfactory. 
Consequently, the first set of metering pumps was replaced 
with a pair of pumps from a second manufacturer. Prodedures 
used and results obtained with thes~ pumps are described in 
the chapter entitled Second Equipment. 
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FIRST EQUIPMENT 
Experimental Materials and Methods 
A commercially manufactured injection metering system, 
brought from Finland and assembled at the Walsh 
Manufacturing Company in 1983, was used for this study. 
Figure 2 is a flow diagram of the injection metering 
system and Figure 3 is a sketch of this system. This 
injection metering sprayer mainly consisted of a metering 
pump which delivered the chemicals to the water line, a 
piston type water pump, and a pressure regulator valve which 
keeps the system pressure constant. The operation principle 
is explained in manufacturer's manual (EHO KONE 1982). 
Conventional TeeJet nozzles with flat spray tips (8004) 
manufactured by Spraying Systems Co. were used. The 
discharge rates of these nozzles at 345 Kpa was 1.65-1.70 
liters per minute. To collect samples from each nozzle 
simultaneously, a collecting apparatus was built and the 
distance between nozzles was reduced from 100 to 20 cm. An 
electric motor and gear reduction system were used as a 
constant speed power source of 600 rpm within 1% limit. 
A 3 kg quantity of salt (NaCl) was dissolved in 15 1 of 
water in the chemical tank with an impeller type agitator. 
The sprayer was operated at 345 Kpa and at five different 
FIGURE 2. 
rr~g 
~ 
· 1. Chemical pump. 
2. Driving mechanism 
3. 3-way valve (functioning 
·by the same 
movement as the by-
pass valve 
4. Regulation of the 
spraying pressure 
· (water) 
5. By-pass valve 
6. Manometer for the 
water 
7. No return valve 
8. Sampling valve 
9. Measuring jug 
15 
11 
6 t 
r 
10. Distribution valve 
11. Regulation of the 
chemical amount 
12. Tank for chemicals 
13. Filter 
14. Rotameter 
15. Cog wheel to be 
attached onto the 
pump shaft 
- solely chemicals 
=-='plain water 
- spraying fluid 
. ... " . return of the chemicals 
while the spraying is 
interrupted 
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Flow diagram of injection metering system 
'~ . . 
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FIGURE 3. Sketch of the injection metering system 
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stroke settings of the metering pump (20, 40, 60, 80, and 
100% of full stroke). Before collecting the samples, the 
metering pump flow rates were measured through sampling 
valve at each stroke setting, and these values were compared 
with actual flow rates determined from the concentrations at 
nozzles. Three samples were taken from each of 13 nozzles 
for 15 seconds at 1 minute intervals after the sprayer had 
been operating .for 5 minutes . This was replicated again, so 
a total of 390 samples were collected (5 strokes, 13 
nozzles, 3 sampling times, and 2 replications) . To analyze 
these samples, 10 ml of solution were pipetted from each 
·sample in the collection jar to preweighed aluminum di.shes. 
These were then placed in an oven and dried. After drying, 
they were reweighed and the weights of salt (obtained by 
difference) were used for analysis. 
To perform the next experiment, the another metering 
pump which is same as first one was attached to the existing 
sprayer and the plumbing was modified accordingly. A 150 mg 
quantity of Methylene Blue dye was d i luted i n 15 1 of water 
in the second chemical tank. For this test, actual 
displacement of the metering pump was considered instead of 
adjusting the stroke s etting by the scale provided as in the 
first test . The sprayer was operated at 345 Kpa and at four 
different stroke settings of each metering pump (salt 4 
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levels by dye 4 levels). Samples were collected in the same 
way as in the first test. In this test, a total of 624 
samples were . collected without replication (16 levels, 13 
nozzles, and 3 sampling time). Salt concentrations were 
analyzed by the dry-weight method which was used in the 
first test. Dye concentrations were determined by 
spectrophotometry. Light absorbance of the samples was 
compared to standards of known concentrations, for the given 
dye, and sample concentrations were determined accordingly. 
Spectrophotometry 
In this study, a Beckman model DB (double-beam) prism 
spectrophotometer was used. The readout of this instrument 
is in percent light transmittance, or absorbance; 
transmittance (T) is the ratio of the monochromatic light 
transmitted by a sample (P) to the energy incident upon the 
sample (Po). Both incident and transmitted radiant energy 
must be obtained at the same wavelength. Absorbance (A) is 
the negative logarithm of the transmittance. The resulting 
equations are; 
T = P/ Po LOG1o(T) - A , % T = (P*lOO)/Po 
Quantitative spectrophotometry · is based on "Beer's law'' 
which relates the fact that the absorbance of a substance in 
solution is dependant upon i ts concentration. 
Mathemati cally; 
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A = a*b*c 
where A=the absorbance 
a=the absorptivity (cm 2 /mass) 
b=the length of the light path 
c=the concentration (mass per unit volume) 
For a given dye and the length of the light path which 
is constant for a given cell, concentration of the sample is 
directly proportional to absorbance. The wavelength for 
maximum absorbance for the dye used, Methylene Blue, was 
found to be 668 nanometers. The spectrophotometer was 
operated in accordance with the instructions furnished 
(Beckman instruction 566-F). The liquid cells used were 
Starna 40 mm rectangular cells (#575737-01-E). 
The metering ~ 
The Porportioner THS-2 single acting piston pump 
(Figure 4 and Figure 5) was used in this study. This pump 
has a rated capacity of 1000 ml/min at 540 rpm. The 
volumetric displacement of the pump was 0.185 cm 3 per 
revolution. The pump was calibrated at 600 rpm and stroke 
adjusting scale was corrected accordingly. 
The chemicals 
Sodium chloride (NaCl) Salt was used as a pseudo 
pesticide since it was easy to analyze, convenient to 
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handle, and accurate results could be obtained. The 
solubility of salt is 35.7 g per 100 g of water at 0°C. In 
this study, 20 g of salt per 100 g of water resulting in a 
density of 1.12 kg/l was used. 
Methylene Blue dye was 
selected as a secondary pseudo pesticide, since it was easy 
to detect, inexpensive, and there was no interaction effect 
with salt. Its solubility was 1 g per 25 ml of water and 
maximum absorbance was at 668 nanometers. In this study, 10 
mg of dye per liter of water were used, since this solution 
after dilution with spray water, provided a range of 
absorbances (0.07 - 0.60) that were in the optimum range for 
the readout scale of the spectrophotometer. 
Results and Discussion 
One metering ~ 
Uniformity between nozzles The concentrations of 
salt in sample from each nozzle, at five different stroke 
settings of the metering pump, are shown in Table 1. Figure 
6 shows a graph of concentration vs. nozzle position (1 and 
13 represent the end nozzles) for different stroke settings. 
The coefficients of variation among sample concentrations 
for the 13 nozzles were 5.06, 2.03, 6.50, 1.42 and 3.90 % 
for 20, 40, 60, 80, and 100 % of pump stroke settings 
21 
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FIGURE 4. Sketch of the injection metering pump 
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14 
FIGURE 5. Parts drawing of the injection metering pump 
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respectiv~ly. The variation difference was very small and 
was due to experimental error. Also, there was no 
significant difference in the salt concentration in the 
samples from each nozzle, at the 5 % level (Table 2). Thus, 
the combination between turbulence and molecular diffusion 
in the discharge lines was sufficient to produce acceptable 
mixing quality. 
yniformity at nozzle as a function of time Table 3 
and Figure 7 show the concentration of each nozzle at three 
different sampling times (5, 6, and 7 minutes after 
operation). The coefficients of of variation among sample 
concentrations are also shown in table 3. At nozzle No.4 
with a 20 % pump stroke setting, the coefficient of 
variation was 11.7 % and was 6 to 7 % at all nozzles for the 
60 % pump stroke setting. The ANOVA also shows that there 
are significant differences among the concentrations at each 
sampling time , at the 5 % level (Table 2) . The variation 
difference was not very large and was probably due to 
pulsations produced by the metering pump. 
The metering ~ characteristics The metering pump 
flow rates and expected flow rates for various stroke 
settings are shown in Table 4. The expected and the actual 
concentration are shown in Table 5. The metering pump flow 
rates did not change in a linear fashion with the length of 
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stroke setting, and always smaller than the the expected 
flow rates. The stroke adjustment device of this pump had 
poor accuracy and repeatability. The actual chemical 
concentration measured at each nozzle was smaller than the 
expected value, which was determined from the concentration 
of solution in the chemical tank and flow rates of chemical 
and water. This was probably due to decreased flow from the 
metering pump when it was discharging liquid into the water 
line to the nozzles under 345 kpa. 
Two metering pumps 
Uniformity between nozzles The chemical 
concentrations at each nozzle at four different length of 
stroke settings of each pump are shown in Table 6. Figures 
8 and 9 show graphs of concentration vs. nozzle for 
different stroke settings of both pumps. The coefficients 
of variation among sample concentrations at each nozzle were 
4.13, 1 . 63, 3.14, and 2.95% for 25, 50, 75, and 100% of 
stroke length respectively with salt. The values for dye 
were 11.44, 4.76, 7.19, and 4.57% respectively. The 
variation difference was small; however, ANOVA showed that 
there were highly significant differences among the 
concentrations from each nozzle at the 1% level (Table 7). 
Uniformity at nozzles as a function of time 
25 
The concentration at each nozzle at three different 
sampling times for different stroke settings of each pump 
are shown in Tables 8 and 9. Figures 10 and 11 show the 
graphs of time effects on both salt and dye concentrations. 
These tables also show the coefficients of variation among 
sample concentrations. In the case of salt concentrations, 
those values were less than 5%, and dye concentrations have 
a larger variation. This was because the mean concentration 
of salt was relatively very much larger than that of dye and 
the resolution error of spectrophotometer readout which is 
approximately 0.01 mg/l. ANOVA shows that there are 
significant differences among the concentrations at each 
sampling time at the 1% level (Table 7). The v ariation 
difference was not only due to the pulses produced by two 
metering pumps but also due to the experimental error. 
The metering ~ characteristics Expected and 
observed concentrations are compared in Table 10. The 
observed concentrations were much smaller than the expected 
values, and also the se d i fferences are large r than the y were 
with one metering pump (see table 5). This was due to 1) 
poor performance of the pump mechanism due to fouled check 
valves or worn piston seals, and 2 ) improper piping of the 
secondary pump chemical feeding line to the water line 
(small size of bore and inadequate connecting l ocation). 
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TABLE 1. Salt concentration(g/l) at each nozzle at 
different stroke settings of the EHO THS 
2 Proportioner 
Stroke setting (%) 
Nozzle 
20 40 60 8Q 100 
1 1. 741 3.996 5.784 8.J.87 8.964 
2 1. 736 3.978 5.763 8.166 8.978 
3 1. 753 4.020 5.770 8.149 8.923 
4 1. 666 3.995 5.775 8.179 8.946 
5 1. 771 3.993 5.798 8.137 8.990 
6 1. 785 4.026 5.849 8.177 9.005 
7 1. 775 4.047 5.834 8.188 9.012 
8 1.772 4.011 5.771 8.168 8.968 
9 1.751 3.979 5.812 8.219 9.010 
10 1. 780 4.048 5.810 8.193 9.049 
11 1. 770 4.006 5.794 8.181 9.014 
12 1. 791 4.026 5.840 8.171 9.037 
13 1. 799 4 . 015 5.855 8.188 9.021 
Mean 1 1.761 4.011 5.804 8.177 8.993 
s.0 2 0.089 0.081 0.377 0.116 0.351 
c.v 3 5.06 2.03 6.50 1. 42 3.90 
1 Mean concentration of 78 samples ( g/l) . 
2 Standard deviation of 78 samples ( g/l) . . 
3 Coefficient of variation ( %) of 78 samples. 
9.0 
8.9 -
ii>--. 8 .2 v 
c: 
0 
u 8.1 -
0 
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FIGURE 6. 
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TABLE 2. ANOVA for salt concentration(g/l) at each 
nozzle at different sampling time 
Source of 
variation 
Replicate 
Treatment 
Error(a) 
Nozzle 
Time 
Trt*Nozzle 
Trt*Time 
Nozzle*Time 
Trt*Nozzle*Time 
Error(b) 
Adjusted total 
df 
1 
4 
4 
12 
2 
48 
8 
24 
96 
190 
389 
Sum of 
square 
4.49404 
2757.56020 
9.53279 
0.18093 
0.45145 
0.13895 
2.03708 
0.43547 
0.40949 
4.92077 
2780.16121 
Mean 
square 
0.01507 
0.22572 
0.00289 
0.25463 
0.01814 
0.00426 
0.02589 
F value 
0.58 1 
8.72* 
0.11 1 
9.83** 
0.70 1 
0.16 1 
1 Not significantly different at the 5% level. 
* Significantly different at the 5% level of 
probability. 
** Significantly different at the 1% level of 
probability. 
... 
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TABLE 3. Salt concentration(g/l) at each nozzle at 
different sampling times 
---20% stroke setting---
Sampling time 
Nozzle Mean 1 s.0 2 c.v 3 
5 min 6 min 7 min 
1 1.705 1. 783 1.735 1.741 .0817 4.694 
2 1.693 1. 780 1.735 1. 736 .0848 4.886 
3 1. 702 1.799 1.760 1.753 .0887 5.063 
4 1.448 1. 791 1. 761 1. 666 .0195 11.69 
5 1. 756 1. 810 1.748 1.771 .0651 3.678 
6 1.747 1. 819 1. 788 1.785 .0633 3.551 
7 1.742 1. 813 1.770 1. 775 .0620 3.496 
8 1. 769 1.742 1. 807 1. 772 .0598 3.380 
9 1.747 1. 710 1.797 1. 751 .0822 4.693 
10 1.781 1 . 743 1. 816 1. 780 .0831 4.669 
11 1.770 1. 731 1.809 1.770 .0856 4.838 
12 1.822 1.745 1.807 1. 791 .0695 3.880 
13 1.795 1. 775 1. 828 1.799 .0660 3.666 
---40% stroke setting---
Sampling time 
Nozzle Mean 1 s.02 c.v 3 
5 min 6 min 7 min 
l 3 . 986 4.007 3.994 3.996 .0952 2.382 
2 3 . 911 4.005 4 . 022 3.978 .0675 1.698 
3 4.001 3.946 4.116 4.021 .1196 2.976 
4 3.938 4.038 4.010 3.995 .1075 2.691 
5 3.892 4.048 4.040 3.993 .0821 2.056 
6 4.041 4.083 3.956 4. 026 .1131 2.810 
7 4.008 4.087 4.046 4.047 . 0627 1.550 
8 4.031 3 . 975 4.027 4.011 .0533 1.328 
9 3 . 980 3 . 931 4.027 3.979 .0860 2 .162 
10 4.050 4.058 4.038 4.048 .0986 2.435 
11 4.006 4 . 020 3.994 4.006 .0697 1. 739 
12 4 . 008 4.047 4.025 4.026 .0443 1.101 
13 4.002 4.035 4.009 4.015 .0692 1.725 
1 Mean concentration of 6 samples ( g/l). 
2 Standard deviation of 6 samples ( g/l) . 
3 Coefficient of variation ( % ) of 6 samples. 
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TABLE 3. (continued) 
---60% stroke setting---
Sampling time 
Nozzle Mean 1 s.0 2 c.v 3 
5 min 6 min 7 min 
1 5.950 5.938 5.464 5.784 .457 7.906 
2 5.800 5.965 5.526 5.763 .410 7.107 
3 5.781 5.968 5.560 5.770 .424 7.348 
4 5.852 5.927 5.546 5.775 . 427 7.399 
5 5.890 5.943 5.560 5.798 .400 6.901 
6 5.858 6.078 5.612 5.849 .408 6.982 
7 5.901 5.989 5.612 5.849 . 427 7.321 
8 5.945 5.837 5.533 5.771 .373 6.469 
9 5.949 5.906 5.580 5.812 .386 6.636 
10 5.945 5.862 5.625 5.810 .354 6.096 
11 5.935 5.886 5.562 5.794 .403 6.963 
12 5.969 6.004 5.548 5.840 .422 7.233 
13 6.038 5.945 5.584 5.855 .417 7.129 
---80% stroke setting---
Sampling time 
Nozzle Mean 1 s.0 2 c.v 3 
5 min 6 min 7 min 
1 . 8.127 8.262 8.173 8.187 .1216 1.485 
2 8.091 8.311 8.096 8.166 .1256 1. 538 
3 8.131 8.223 8.095 8.149 .0758 .930 
4 8.152 8.279 8.106 8.179 .1127 1. 377 
5 8.039 8.244 8.130 8.137 .1001 1. 231 
6 8.138 8.250 8.144 8.177 .0748 .914 
7 8.171 8.223 8.170 8.188 .0845 1. 03·2 
8 8.125 8.232 8.147 8.168 .0922 1.129 
9 8.261 8.175 8.220 8.219 .1963 2.388 
10 8.322 8.161 8.097 8.193 .1758 2.145 
11 8.261 8.111 8.172 8.181 .1526 1. 865 
12 8.207 8.212 8.095 8.171 .1039 1.272 
13 8.246 8.189 8.130 8.188 .1351 1.649 
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TABLE 3. (continued) 
---100% stroke setting---
Sampling time 
Nozzle Mean 1 s.0 2 c.v 3 
5 min 6 min 7 min 
1 8.965 9.001 8.926 8.946 .3958 4.416 
2 8.917 9.033 8.985 8.978 .3847 4.284 
3 8.859 83946 8.964 8.923 .4476 5.016 
4 8.908 8.955 8.976 8.946 .4308 4.816 
5 8.958 9.037 8.976 8.990 .4222 4.696 
6 8.974 9.081 8.960 9.005 .3840 4. 264 
7 8.970 9.041 9.026 9.012 .3297 3.659 
8 8.951 8.949 9.005 8.968 .3554 3 . 963 
9 9.010 8.954 9.067 9.010 .3367 3.737 
10 9.048 8.981 9.118 9.049 .3556 3.930 
11 9.003 8 . 948 9.092 9.014 .3654 4.054 
12 9.073 8.931 9.108 9.037 .3547 3.925 
13 9.010 8.946 9.106 9.021 .3554 3.940 
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TABLE 4. Comparison of expected and observed 
metering pump flow rates(ml/min) 
Pump stroke Observed Expected % 
% of max. flow rate flow rate error 
20 185 200 7.5 
40 390 400 2.5 
60 575 600 4.2 
80 732 800 8.5 
100 940 1000 6.0 
TABLE 5. Comparison of expected and observed salt 
cone . (g/l) at nozzles based on actual 
flow 
Pump stroke Observed Expected % 
% of max. Cone. Cone. error 
20 1. 76 2.06 14.6 
40 4.01 4.33 7.4 
60 5.80 6.39 9.2 
80 8.18 8.14 0.5 
100 8.99 10.44 13.9 
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TABLE 6. Salt and dye concentrations at each nozzle at 
different stroke settings for the EHO THS 2 
Proportioner 
Salt(g/l) Dye (mg/l) 
Nozzle 
25% 50% 75% 100% 25% 50% 75% 100% 
1 1. 927 3.868 6.173 8.375 .1122 .2323 .3379 .4495 
2 1.923 3.863 6.174 8. 389 .1095 .2325 .3332 .4440 
3 1. 922 3.860 6.164 8.396 .1123 .2434 .3481 .4709 
4 1. 937 3.893 6.159 8.423 .1136 .2434 .3481 .4709 
5 1. 926 3.859 6.155 8.384 .1127 .2333 .3416 .4516 
6 1. 943 3.885 6.182 8.447 .1101 .2378 . 3442 .4597 
7 1.950 3.872 6.158 8.454 .1109 .2378 .3432 .4605 
8 1. 950 3.874 6.161 8.418 .1112 .2365 . 3452 .4565 
9 1. 951 3.894 6.171 8.408 .1108 .2394 .3480 .4633 
10 1. 949 3.883 6.163 8.433 .1112 .2359 .3437 .4536 
11 1. 948 3.898 6.188 8.441 .1127 .2405 .3497 .4646 
12 1. 968 3.888 6.182 8.430 .1127 .2396 .3457 .4614 
13 1. 961 3.903 6.193 8.429 .1117 .2378 .3453 .4582 
Mean 1 1. 943 3.880 6.171 8.417 .1117 .2378 . 3442 .4584 
S.D 2 .080 .063 .194 .248 .0128 .0113 .0247 .0209 
c.v 3 4.13 1. 63 3.14 2.95 11.44 4.76 7.19 4.57 
1 Mean concentration of 78 samples, salt(g/l), 
dye (mg/l). 
2 Standard deviation of 78 samples, salt(g/l), 
dye(mg/l). 
3 Coefficient of variation (%) of 78 samples. 
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TABLE 7. ANOVA for salt and dye concentration 
Source of 
variation 
Salt 
Dye 
Salt*Dye 
Nozzle 
Nozzle* Salt 
Nozzle*Dye 
Error(a) 
Time 
Salt*Time 
Dye*Time 
Nozzle*Time 
Error(b) 
Adjusted total 
Source of 
variation 
Salt 
Dye 
Salt*Dye 
Nozzle 
Nozzle*Salt 
Nozzle*Dye 
Error(a) 
Time 
Salt*Time 
Dye*Time 
Nozzle*Time 
Error(b) 
Adjusted total 
df 
---Salt---
Sum of 
square 
3 3683.06917 
3 0.87580 
9 11.39262 
12 0.11029 
36 0.06535 
36 0.10523 
108 0.34645 
2 0.21548 
6 0.01055 
6 0.23194 
24 0.17845 
378 3.43929 
623 3700.04067 
df 
3 
3 
9 
12 
36 
36 
108 
2 
6 
6 
24 
378 
623 
---Dye---
Sum of 
square 
0.04503 
10.26444 
0.09348 
0.00870 
0.00178 
0.00402 
0 . 00282 
0.00311 
0.00060 
0.00067 
0.02495 
0.02292 
10.47257 
Mean 
square 
0.00919 
0.00181 
0.00292 
0.00320 
0.10774 
0.00175 
0.03865 
0.00743 
0.00909 
Mean 
square 
0.00072 
0.0004 
0.00011 
0.00002 
0.00155 
0.00010 
0.00011 
0.00103 
0.00006 
F value 
2.87** 
0.57 1 
0.91 1 
11.84** 
0.19 1 
4.25** 
0.82 1 
F value 
27 . 77** 
1.99* 
4.28** 
25.69** 
1.67 1 
1.85 1 
17.14** 
1 Not significantly different at the 5% level. 
** Highly significantly different at the 1 % 
level of probability. 
* Significantly different at the 5 % level of 
probability . 
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TABLE 8. Salt concentration (g/l) at each nozzle 
at different sampling times 
---25% stroke setting---
Sampling time 
Nozzle Mean 1 S.D 2 c.v 3 
5 min 6 min 7 min 
1 1. 893 1.933 1. 955 1. 927 .080 4.14 
2 1. 900 1.928 1. 943 1.923 .074 3.86 
3 1. 915 1. 915 1. 935 1.922 .078 4.08 
4 1. 908 1.960 1. 943 1. 937 .082 4.25 
5 1. 893 1. 940 1. 945 1. 926 .087 4.50 
6 1. 920 1. 940 1. 968 1. 943 .083 4.26 
7 1. 938 1. 948 1. 965 1. 950 .077 3.94 
8 1. 933 1.948 1.970 1.950 .083 4.25 
9 1. 938 1.948 1. 968 1. 951 .087 4.46 
10 1. 943 1.940 1. 965 1.950 .082 4.19 
11 1. 930 1.945 1. 968 1. 948 .077 3.97 
12 1. 960 1.958 1. 988 1. 968 .093 4.70 
13 1. 963 l. 943 1.978 1. 961 .086 4. 36 
---50% stroke setting---
Sampling time 
Nozzle Mean 1 S.D 2 c.v 3 
5 min 6 min 7 min 
1 3.853 3.855 3.898 3.868 .046 1.19 
2 3.840 3.868 3.880 3 . 863 .047 1. 22 
3 3.840 3.860 3.880 3.860 .046 1.19 
4 3.835 3.855 3.988 3.893 .158 4.05 
5 3.828 3.870 3.880 3.859 .041 1. 05 
6 3.845 3.913 3.898 3.885 .066 1. 71 
7 3.848 3.868 3.900 3.872 .041 1. 06 
8 3.853 3.873 3.898 3.874 .031 1. 00 
9 3.848 3.890 3.945 3.894 .081 2.08 
10 3.853 3.880 3.915 3.883 .044 1.13 
11 3.865 3.910 3.920 3.898 .044 1.14 
12 3.878 3.885 3.903 3.888 .034 .86 
13 3.893 3.890 3.925 3.903 .036 .92 
1 Mean concentration of 12 samples ( g/l) . 
2 Standard deviation of 12 samples ( g/l). 
3 Coefficient of variation (%) of 12 samples. 
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TABLE 8. (continued) 
---75% stroke setting---
Sampling time 
Nozzle Mean 1 s.02 c.v3 
5 min 6 min 7 min 
1 6.195 6.245 6.078 6.173 .272 4.40 
2 6.170 6.300 6.053 6.174 .306 4.95 
3 6.160 6.218 6.115 6.164 .220 3.57 
4 6.123 6.190 6.165 6.159 .179 2.90 
5 6.113 6.198 6.155 6.155 .193 3.13 
6 6.153 6.190 6.203 6.182 .177 2.86 
7 6.123 6.100 6.253 6.158 .177 2.87 
8 6.133 6.183 6.168 6.161 .173 2.80 
9 6.113 6.130 6.270 6.171 .171 2.78 
10 6.143 6.100 6. 248 ·6.163 .182 2.95 
11 6.158 6.118 6.290 6.188 .201 3.25 
12 6.155 6.133 6.258 6.182 .156 2.52 
13 6.158 6.185 6.235 6.193 .150 2.43 
---100% stroke setting---
Sampling time 
Nozzle Mean 1 S.D 2 c.v3 
5 min 6 min 7 min 
1 8.330 8.408 8. 388 8.375 .293 3.49 
2 8.390 8.405 8.373 8.389 .239 2.84 
3 8.405 8.358 8.425 8.396 .304 3.62 
4 8.428 8.448 8.393 8 . 423 .264 3.13 
5 8.405 8.380 8.368 8.384 .243 2.90 
6 8.353 8.483 8.505 8.447 .244 2.89 
7 8.438 8.430 8.495 8.454 .254 3.00 
8 8.360 8.418 8.475 8.418 .272 3.23 
9 8.428 8.443 8.353 8.408 .230 2.73 
10 8.375 8.418 8.505 8.433 .257 3.05 
11 8.438 8.423 8.463 8.440 .223 2.64 
12 8.373 8.448 8.470 8.430 .235 2.79 
13 8.390 8.443 8.455 8.430 .271 3.22 
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TABLE 9. Dye concentration (mg/l) at each nozzle 
at different sampling times 
---25% stroke setting---
Sampling time 
Nozzle Mean 1 S.D2 c.v 3 
5 min 6 min 7 min 
1 . 1128 .1101 .1138 . 1122 .0104 9.26 
2 .1112 .1049 . 1125 . 1095 .0126 11.51 · 
3 .1127 .1101 .1141 .1123 .0123 10.98 
4 . 1122 .1122 .1163 . 1136 . 0135 11.90 
5 .1138 . 1103 .1141 .1127 .0143 12.72 
6 .1079 .1087 .1138 .1101 .0136 12. 36 
7 . 1098 .1084 .1146 .1109 .0133 11. 96 
8 .1109 .1103 .1125 .1112 .0129 11. 60 
9 .1090 .1127 .1106 .1108 .0149 13.41 
10 .1109 .1101 .1128 .1112 .0133 11. 96 
11 .1144 .1109 .1130 .1127 . 0135 12.02 
12 .1114 .1130 .1138 .1127 .0134 11. 88 
13 .1109 .1133 .1109 .1117 .0136 12.20 
---50% stroke setting---
Sampling time 
Nozz le Mean 1 S.D 2 c.v 3 
5 min 6 min 7 min 
1 . 2354 .2305 .2310 .2323 .0105 4.54 
2 .2413 . 2203 .2359 .2325 .0128 5.52 
3 .2404 .2383 .2421 . 2403 .0085 3.14 
4 .2378 .2426 . 2498 . 2434 .0089 3.64 
5 .2410 . 2 445 .2144 .2333 .0165 7.08 
6 .2330 .2378 .2426 .2378 .0093 3.92 
7 .2284 .2410 .2439 .2378 .0107 4.51 
8 .2356 .2387 .2372 .2365 . 0095 4.01 
9 .2340 .2450 .2394 . 2 394 .0092 3.84 
10 .2284 . 2 380 .2412 .2359 . 0010 4. 26 
11 .2392 . 2 375 .2447 .2405 .0089 3.69 
12 . 2295 .2399 . 2493 .2396 .0109 4 . 55 
13 .2346 .2380 .2536 .2421 .0168 6.95 
1 Mean concentration of 12 samples (mg/l). 
2 Standard deviation of 12 samples (mg/l). 
3 Coef ficient of variati on ( % ) o f 12 samples. 
41 
TABLE 9 . (continued) 
---75% stroke setting---
Sampling time 
Nozzle Mean 1 S.D 2 c.v 3 
5 min 6 min 7 min 
1 .3400 .3341 .3397 .3379 . 0241 7.14 
2 . 3454 .3094 .3448 .3332 .0298 8.95 
3 . 3456 .3443 .3563 . 3487 .0225 6.44 
4 . 3424 .3507 .3513 .3481 .0284 8.16 
5 .3502 .3499 .3247 .3416 .0252 7.38 
6 . 3359 .3432 .3504 .3432 .0251 7.32 
7 .3330 . 3459 .3537 .3442 .0254 7.37 
8 .3448 . 3413 .3497 . 3452 .0253 7.34 
9 .3394 .3531 .3515 . 3481 .0248 7.14 
10 .3295 .3454 .3563 .3437 .0255 7.41 
11 .3539 .3389 .3563 .3497 . 0236 6.74 
12 .3552 . 3437 . 3582 .3457 .0253 7.32 
13 . 3434 .3445 .3481 .3453 .0238 6.89 
---100% stroke setting---
Sampling time 
Nozzle Mean 1 S.D2 c.v3 
5 min 6 min 7 min 
1 .4540 .4462 .4484 .4495 .0156 3 . 46 
2 .4631 .4148 .4540 .4440 .0268 6.04 
3 . 4636 .4631 .4685 .4650 . 0169 3.62 
4 .4604 .4706 .4816 .4709 .0209 4.44 
5 .4693 .4719 .4137 .4516 .032 0 7.09 
L 
6 .4518 .4613 .4685 .4605 .0172 3.73 
7 .4459 .4644 .4687 . 4597 .0192 4.18 
8 .4564 .4701 .4634 .4633 .0174 3.75 
9 .4564 . 4701 .4634 .4633 .0174 3.75 
10 .4414 .4548 .4647 .4536 .0195 4. 30 
11 .4698 .4545 .4696 . 4646 .0179 3.86 
12 .4427 .4631 .4784 .4614 .0233 5.04 
13 .4532 .4610 .4604 .4582 . 0168 3.66 
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TABLE 10. Comparison of observed and expected 
concentrations at nozzles 
---Salt(g/1)---
Pump flow Observed Expected % 
rate(ml/min) cone. cone. error 
250 1. 94 2.81 31. 0 
500 3.88 5.69 31.8 
750 6.17 8.58 28.l 
1000 8.42 11.42 26.3 
---Dye(mg/1)---
Pump flow Observed Expected % 
rate(ml/min) cone. cone. error 
250 .112 .150 25.3 
500 .238 . 305· 22.0 
750 .344 .460 25.2 
1000 .458 .612 25.2 
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SECOND EQUIPMENT 
Experimental Materials and Methods 
In spite of acceptable uniformity of chemical 
concentration at the nozzles considering the coefficient of 
variance, the metering pump function was poor and actual 
concentrations was always smaller than the expected values. 
An independent metering pump test was performed to 
investigate the pump characteristics. A throttling valve, a 
pressure gage, and a pulsation dampener were installed in 
the metering pump discharge line. The flow rate was 
measured while varying the back pressure against the pump by 
using a throttling valve for four different stroke lengths 
of the pump. As shown in Table 11, flow rate was 
considerably reduced at each stroke length, as the back 
pressure increased. 
As a result of these measurements, the two EHO THS 2 
metering pumps were replaced with the two Pulsa feeder 
diaphragm metering pumps (Model 680 AG-C-C-E, Pulsa feeder 
Interpace Corp.) which have a micrometer type adjustment 
device for stroke length control. This pump has a rated 
capacity of 1110 ml/min at 139 rpm. The maximum volumetric 
displacement of the pump was 8.145 cm 3 /rev. The piston type 
water pump was also replaced with a centrifugal type pump. 
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TABLE 11. Flow rate (ml/min) of EHO THS 2 pump with 
different back pressures at different 
stroke lengths. 
Discharge pressure(kpa) 
Stroke 
length 
0 69 138 207 276 345 1 414 
100% 1000 980 980 965 960 
75% 750 745 740 740 725 715 
50% 500 470 465 460 455 450 445 
25% 250 230 230 227 225 223 220 
1 Pressure used in previous tests. 
To increase turbulence in the lines, an inline static mixer 
was installed. A schematic drawing and a picture of this 
system are shown in Figures 12 and 13, respectively. 
Conventional TeeJet nozzles with flat spray tips (8003) 
manufactured by Spraying System Co. were used. These 
nozzles have same characteristics as used in the first test 
except flow capacity, and those discharge rates at 276 kpa 
were 1.13-1.16 liters per minute. The sample collecting 
apparatus was used again. A 3 kg quantity of salt (NaCl) 
was dissolved in 15 1 of water in the chemical tank, and 450 
mg of Methylene blue dye was diluted in 15 1 of water in the 
other chemical tank. Before starting the experiment, the 
metering pumps were tested to verify that the flow rates 
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To nozzle 
3 
1 . Metering pump 
2.Water pump 
3. Pressure regulating 
valve 
4. Water tank 
5. Chemical tank 
6. Solenoid valve 
7. Mixer 
FIGURE 12. Schematic drawing of injection metering system 
(2nd equipment) 
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FIGURE 13 . Picture of injection metering system (2nd 
equipment) 
49 
were linear with the length of stroke setting and the driven 
speed when using vegetable oil with approximately the same 
viscosity as some commercial herbicides concentrates. Flow 
rates were determined for 25,50,75, and 100 % of full stroke 
at 139 rpm of the pump driven shaft. The flow rates were 
linear with the length of stroke as shown in table 12. 
TABLE 12. Flow rate (ml/min) of Pulsa 680 
metering pump 
Stroke Pump A Pump B 
100% 990 996 
75% 750 755 
50% 500 522 
25% 246 259 
R2 0.9999 0.9993 
The sprayer was operated at 276 kpa and two different 
stroke settings of each injection pump (25 vs. 25, 25 vs. 
75, 75 vs. 25, and 75 % vs. 75 %). Three samples were taken 
from each of 6 nozzles (Nozzle No. 1, 3, 5, 8, 10, and 12) 
for 10 seconds at 1 minute intervals after the sprayer had 
been operated for 5 minutes. This was replicated again so a 
total of 144 samples were collected (4 levels, 6 nozzles, 3 
sampling time, and 2 replication). Salt concentration was 
determined by the dry and weigh method and dye was analyzed 
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by spectrophotometry, as before; however, in this test, a 
Baush and Lomb Spectronic 20 spectrophotometer was used. 
The function and operation was similar to the Beckman model. 
The liquid cells used were Baush & Lomb #33-29-27 (13 cm 
outside diameter by 100 cm length). 
To compare the injection system with the conventional 
tank-mixing system, salt and dye equivalent to that sprayed 
from the injection metering system per 190 liters of spray 
were mixed in 190 liters of water in the tank. The same 
collection equipment was used again, but the injection 
metering line was closed for this test. The sprayer was 
recirculated for 20 minutes to agitate hydraulically. 
Sampling and analysis were performed in the same way as for 
testing the injection sprayer. 
In order to verify that the injection metering system 
could perform the function of applying herbicide and 
controlling weeds in the field, the contact herbicide, 
Round-up was applied on May 24,27, and June 1, 1984, at a 
rate of 2.375 l/ha on an untilled field (15ha) before 
planting corn. After the herbicide was applied, the weed 
growth was observed and pictures were taken. 
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Results and Discussion 
Injection system 
Uniformity between nozzles The chemical 
concentrations in samples taken from each nozzle at two 
different settings of stroke length of each pump are shown 
in Table 14. Figures 14 and 15 show graphs of concentration 
vs. nozzle for different settings of stroke length of both 
the dye and the salt pump. The coefficients of variation 
among sa~ple concentrations at each nozzle were 3.42 and 
1.24 % for 25 and 75 % of stroke length respectively in 
salt. Those values for dye were 8.48 and 4.35 % 
respectively. The variation difference was small; however, 
ANOVA showed that there was significant difference among the 
concentrations at each nozzle at the 1 % level (Tables 15 
and 16). 
Uniformity at nozzles as a function of times Tables 
17 and 18 show the concentration at each nozzle at three 
different sampling times, as well as the standard deviation 
and coefficient of variation. The graphs of the time effect 
on the concentrations are shown in Figures 16 and 17. The 
coefficients of variation for salt concentrations were less 
than 5 %, and the coefficients of variation for dye 
concentration were higher than for salt; 11 to 13 % for the 
25 % stroke length. ANOVA (Table 15) shows that there is no 
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significant difference in dye concentration at the 5 % 
level. However, there were significant differences in salt 
concentration as a function of time at the 1 % level (Table 
16). 
The metering ~ characteristics Table 13 shows 
the comparison between the calculated concentration and the 
observed value for salt and dye. There was less than 3 % 
difference between the calculated and the observed values. 
TABLE 13. Comparison of expected and observed 
cone. at the nozzles 
----Salt (g/1)----
Flow rate Observed Expected % 
(ml/min) Cone. cone. error 
301 4.141 4.143 0.1 
903 12.392 12 . 430 0.3 
----Dye (mg/1)----
Flow rate Observed Expected % 
(ml/min) Cone. Cone. error 
301 .686 .665 3.2 
903 1.990 1.966 1.2 
Tank-mixing system 
Uniformity between nozzles Table 14 shows the 
concentration at each nozzle at two different tank 
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concentrations. The comparison with the injection system is 
shown in Figures 14 and 15. The coefficients of variation 
among sample concentrations at each nozzle were 1.33 and 
0.49 % for the two different tank solutions equivalent to 
the injection system in salt. Those values for dye were 
6.01 and 3.03 % respectively. The variation difference was 
small; however, there were significant differences in the 
the both salt and dye concentrations at the 1 % level (Table 
15 and 16). 
Uniformity at nozzle as a function of time Tables 
17 and 18 show the concentration at each nozzle at three 
different sampling times as well as the standard deviations, 
and coefficients of variation. The graphs of concentration 
vs. sampling time are shown in Figures 16 and 17. The 
coefficients of variation for salt concentration were less 
than 2 %; those for dye concentration were higher than the 
coefficients of variation for salt, and were less than 7 %-
ANOVA shows that there was no significant difference among 
the dye concentrations at the 5 % level (Table 16). 
However, there is significant difference in the salt 
concentrations at the 1 % level (Table 15). Thus, it 
appears that even a 20-minute premixing time was not enough 
to thoroughly mix the salt solution. 
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Comparison between injection and tank mixing systems 
Even though there were differences in the salt and dye 
concentrations in ANOVA tables, F values for injection 
metering system were always smaller than those values for 
mixing system in nozzle and time effect. Therefore, sample 
concentrations in the injection system showed slightly more 
uniform than those in the tank-mixing system which was 
premixed for 20 minutes hydraulically. 
Field test 
As shown in the pictures in Figures 18 and 19, the 
weeds were controlled successfully even though a 
quantitative analysis was not performed. 
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TABLE 14. Salt and dye concentration at each 
nozzle ·at different stroke settings 
for both systems 
Nozzle 
1 
3 
5 
8 
10 
12 
Mean 1 
S.D 2 
c.v 3 
Nozzle 
1 
3 
5 
8 
10 
12 
Mean 1 
s.0 2 
c.v 3 
---Injection system---
Salt(g/l) 
25% 
4.133 
4.128 
4.103 
4.173 
4.113 
4.194 
4.141 
.141 
3.42 
75% 
12.378 
12.337 
12.386 
12. 420 
12.409 
12.423 
12.392 
.154 
1. 24 
---Tank mixing---
Salt(g/l) 
25% 
4.397 
4.390 
4.403 
4.378 
4 . 395 
4.417 
4.397 
.058 
l. 33 
75% 
12. 424 
12.459 
12.434 
12.448 
12.447 
12.493 
12.451 
.062 
.49 
Dye (mg/l) 
25% 
.678 
.690 
.693 
.679 
.695 
.681 
.686 
.058 
8.48 
75% 
1. 968 
2.059 
1.979 
1.995 
1. 964 
1. 975 
1.990 
.086 
4.35 
Dye (mg/l) 
25% 
.662 
.685 
.678 
.670 
.675 
.666 
.673 
.040 
6.01 
75% 
1. 909 
1. 974 
1.937 
1. 936 
1. 960 
1.941 
1.943 
.0596 
3.03 
1 Mean cone. of 24 samples in salt (g/l) or 
dye (mg/l). 
2 Standard deviation of 24 samples in salt 
(g/l) or dye (mg/l). 
3 Coefficient of variation (%) of 24 samples. 
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TABLE 15. ANOVA for salt concentration at each nozzle 
at different sampling times 
---Injection system---
Source of df Sum of Mean F value 
variation square square 
Replicate 1 0.77733 
Treatment 3 2451.95150 
Error(a) 3 0.58878 
Nozzle 5 0.10868 0.02173 4.03** 
Time 2 0.12462 0.06231 11.54** 
Trt*Nozzle 15 0.13870 0.00924 1. 71 1 
~rt*Time 6 0.07217 0.01202 2.23 1 
Nozzle*Time 10 0.07858 0.00785 1.46 1 
Trt*Nozzle*Time 30 0.12894 0.00429 0.80 1 
Error(b) 68 0.36717 0.00539 
Adjusted total 143 2454.33652 
---Tank mixing---
Source of df Sum of Mean F value 
variation square square 
Replicate 1 0.00187 
Treatment 3 2335.35047 
Error(a) 3 0 . 13236 
Nozzle 5 0.03082 0 . 00616 5.14** 
Time 2 0.12517 0.06258 52.18** 
Trt*Nozzle 15 0.02809 0.00187 1.561 
Trt*Time 6 0.01689 0.00281 2.35* 
Nozzle*Time 10 0.02495 0.00249 2.08* 
Trt*Nozzle*Time 30 0.02311 0.00077 0.64 1 
Error(b) 68 0.08156 0.00119 
Adjusted total 143 2335.81532 
1 Not significantly different at the 5% level. 
* Significantly different at the 5% probability 
level. 
** Significantly different at the 1% probability 
level. 
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TABLE 16. ANOVA for dye concentration at each nozzle 
at different sampling times 
---Injection system---
Source of df Sum of Mean F value 
variation square square 
Replicate 1 0.00132 
Treatment 3 61.23504 
Error(a) 3 0.21076 
Nozzle 5 0.04214 0.00842 3.42** 
Time 2 0.00102 0.00051 0.21 1 
Trt*Nozzle 15 0.11321 0.00754 3.07** 
Trt*Time 6 0.01716 0.00286 1.16 1 
Nozzle*Time 10 0.12290 0.01229 4.99** 
Trt*Nozzle*Time 30 0.07164 0.00238 0.97 1 
Error(b) 68 0.16738 0.00246 
Adjusted total 143 61. 98263 
---Tank mixing--"'.' 
Source of df Sum of Mean F value 
variation square square 
Replicate 1 0.01301 
Treatment 3 58.10007 
Error(a) 3 0.02433 
Nozzle 5 0.02586 0.00517 3.55** 
Time 2 0.00490 0.00245 1.68 1 
Trt*Nozzle 15 0.02432 0.00162 1. 11 1 
Trt*Time 6 0.00940 0.00157 1.08 1 
Nozzle*Time 10 0.10114 0.01011 6.94** 
Trt*Nozzle*Time 30 0.05589 0.00186 1.28 1 
Error(b) 68 0.09914 0.00145 
Adjusted total 143 58.45810 
1 Not significantly different at the 5% level. 
* Significantly different at the 5% probability 
level. 
** Significantly different at the 1% probability 
level. 
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TABLE 17. Salt concentration (g/l) at each nozzle 
at different sampling times(25% stroke 
setting) 
Nozzle 
1 
3 
5 
8 
10 
12 
Nozzle 
1 
3 
5 
8 
10 
12 
---Injection system---
Sampling time 
5 min 6 min 7 min 
4.055 
4.100 
3.975 
4.155 
4.008 
4.198 
4.133 
4.123 
4.138 
4.200 
4.105 
4.218 
4.210 
4.160 
4.195 
4.165 
4.228 
4.168 
---Tank mixing---
Sampling time 
5 min 6 min 7 min 
4. 383 
4.358 
4.375 
4.348 
4.345 
4. 365 
4.388 
4.388 
4.395 
4.400 
4.410 
4.428 
4.420 
4.425 
4.438 
4.388 
4.430 
4.458 
Meant 
4.133 
4.128 
4.103 
4.173 
4.113 
4.194 
Meant 
4.397 
4.290 
4.378 
4. 378 
4.395 
4.417 
s.02 
.122 
.132 
.183 
.099 
.192 
.098 
s.02 
.0525 
.0536 
.0587 
.0587 
.0671 
.0684 
c.v 3 
2.96 
3.19 
4.47 
2.38 
4.67 
2.33 
c.v 3 
1.19 
1. 22 
1. 34 
1. 34 
1. 53 
1. 55 
t Mean cone. of 12 samples in salt (g/ l) or dye 
(mg/l). 
2 Standard deviation of 12 samples in salt 
(g/l) or dye (mg/l). 
3 Coefficient of variation (%) of 12 samples. 
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TABLE 17. (Continued) (75% stroke setting) 
---Injection system---
Sampling time 
Nozzle Mean 1 s.0 2 c.v 3 
5 min 6 min 7 min 
1 12.368 12.375 12.393 12.378 .127 1. 03 
3 12.333 12.290 12.388 12.337 .169 1. 37 
5 12.335 12.405 12.418 12.386 .177 1. 43 
8 12.415 12.395 12.450 12.420 .145 1.17 
10 12.398 12.440 12.390 12.409 .167 1. 34 
12 12.410 12. 413 12.448 12.423 .147 1.18 
---Tank mixing---
Sampling time. 
Nozzle Mean 1 s.0 2 c.v 3 
5 min 6 min 7 min 
1 12.385 12. 425 12.463 12.424 .0652 .52 
3 12.463 12.465 12.450 12.459 .0452 .36 
5 12.393 12.455 12.455 12.434 .0511 .41 
8 12.410 12. 445 12.488 12.448 .0521 . 42 
10 12.378 12.460 12.503 12.447 .0671 .54 
12 12.415 12.508 12.555 12.493 .0724 .58 
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TABLE 18. Dye concentration (mg/l) at each nozzle 
at different sampling times (25% stroke 
setting) 
Nozzle 
1 
3 
5 
8 
10 
12 
Nozzle 
1 
3 
5 
8 
10 
12 
---Injection system---
Sampling time 
5 min 6 min 7 min 
.695 
.715 
.734 
.676 
.669 
.660 
.683 
.675 
.694 
.669 
.705 
.668 
.657 
.681 
.652 
.693 
.711 
.715 
---Tank mixing---
Sampling time 
5 min 6 min 7 min 
.666 
.678 
.679 
.678 
.655 
.664 
.658 
.699 
.694 
.649 
.685 
.639 
.663 
.678 
.661 
.683 
.685 
.695 
Mean 1 
.678 
.690 
.693 
.679 
.695 
.681 
Mean 1 
.662 
.685 
.678 
.670 
.675 
.666 
S.D 2 
.058 
.056 
.070 
.061 
.057 
.056 
S.D 2 
.045 
.039 
.0423 
.045 
.020 
.048 
c.v3 
8.56 
8.17 
10.10 
8.95 
8.26 
8.20 
c.v 3 
6.83 
5.76 
6.25 
6.75 
2.96 
7.27 
1 Mean cone. of 12 samples in salt (g/l) or dye 
(mg/l). 
2 Standard deviation of 12 samples in salt 
(g/l) or dye (mg/l). 
3 Coefficient of variation (%) of 12 samples. 
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TABLE 18. (continued) (75% stroke setting) 
---Injection system---
Sampling time 
Nozzle Mean 1 S.D 2 c.v 3 
5 min 6 min 7 min 
1 2.003 1.983 1. 919 1. 968 .129 6.57 
3 2.058 2.036 2.084 2.059 .036 1. 77 
5 2.008 2.025 1.904 1. 979 .089 4.50 
8 1.987 1.970 2.028 1. 995 .067 3.38 
10 1.909 1.954 2.030 1. 964 .061 3.12 
12 1. 916 1. 980 2.029 1. 975 .085 4.28 
---Tank mixing---
Sampling time 
Nozzle Mean 1 S.D 2 c.v 3 
5 min 6 min 7 min 
1 1. 918 l. 927 1.883 1.909 .035 1.82 
3 1. 976 1. 965 1. 980 1. 974 .031 1. 59 
5 1. 975 1.989 1.849 1.937 .079 4.06 
8 1. 944 1. 898 1.966 1. 936 .044 2.27 
10 1. 902 1. 960 2.018 1. 960 .0638 3.26 
12 1.877 1.924 2.023 1. 941 .073 3.75 
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FIGURE 18. Field before applying herbicides by injection 
system 
FIGURE 19. Field after applying herbicides by injection 
system 
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SUMMARY AND CONCLUSION 
An injection metering sprayer was evaluated in the 
laboratory. A second improved injection metering system was 
built and tested in the field and laboratory. 
The first equipment which was brought from Finland and 
assembled in U.S.A., was evaluated by investigating the 
uniformity of chemical distribution among the nozzles and as 
a function of time, and by investigating the performance of 
the metering pump. And then, this equipment was modified by 
adding another metering pump to investigate the sprayer 
performance when it applied two different chemicals 
simultaneously. Salt and Methylene blue dye were selected 
as pseudo pesticides. A balance and a spectrophotometer 
were used to analyze each concentrations in samples. 
Since the performance of the metering pumps used in the 
first equipment were found to be poor, the second equipment 
was built using more accurate metering pumps. This improved 
unit was tested to determine whether or not chemical 
concentration was uniform among nozzles and as a function of 
time, and was compared with the conventional tank mixing 
system. This experimental sprayer also tested in the field 
by applying herbicides to observe the chemical application 
and weed control effect. 
The following conclusions were drawn from this study: 
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1. The chemical concentration among nozzles was 
uniform for different stroke length of a chemical 
metering pump. 
2. The chemical concentration among nozzles was not 
uniform when two different kinds of chemicals 
were injected by two metering pumps; however, it 
is still as uniform as the tank mixing system. 
3. The chemical concentration as a function of time 
was not uniform; however, it is still as uniform 
as the tank mixing system. 
4. The injection metering system with static inline 
mixer was better than the conventional tank 
mixing system with 20 minutes premixing by 
hydraulic agitation in the comparison of the 
chemical concentration uniformity. 
5. The injection metering system controlled weeds 
effectively in a field experiment. 
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